L
iver transplantation is the definitive treatment for patients with end stage liver disease. Shortage of deceased organ donors, however, has limited its application and has resulted in rising waiting times and an increased risk of death before transplantation (1, 2) . Adult-to-adult living donor liver transplantation (ALDLT) has become an increasingly popular solution to this problem, particularly in countries that have a limited supply of deceased organs. Although the benefits of ALDLT for recipients are clear, the procedure remains controversial because of potential donor morbidity and mortality. It is generally accepted that future growth of ALDLT at individual centers and globally depends on maintenance of excellent donor outcomes.
An important component of the preoperative donor assessment is delineation of liver anatomy to determine suitability for transplantation and to define the risk of hepatectomy. Magnetic resonance or triphasic computed tomography (CT) imaging is used by most centers to assess the hepatic arteries, portal veins, and hepatic veins in the donor liver. The role of preoperative biliary imaging, however, is controversial. Some surgeons rely solely on intraoperative cholangiography (IOC) to define biliary anatomy; however, this approach potentially exposes donors to the risk of aborting surgery or a major change in the type of hepatectomy performed because of unsuspected biliary anomalies (3) . Magnetic resonance cholangiography (MRC) is a noninvasive imaging modality that has been found to be useful in diagnosing a variety of diseases affecting the biliary tract (4) (5-7). To date, only a handful of small series have retrospectively evaluated MRC for living liver donors, and few have correlated biliary anatomy predicted by MRC with intraoperative findings. To further clarify the role of MRC in the assessment of living-liver donors, we prospectively compared the anatomy predicted by MRC with actual biliary anatomy determined intraoperatively in a large cohort of patients.
PATIENTS AND METHODS
From October 2000 to July 2003, a cohort of 30 sequential patients, whose intraoperative biliary anatomy was prospectively evaluated, underwent right hepatectomy for ALDLT at the Toronto General Hospital, University of Toronto. All donors completed a comprehensive preoperative medical and social evaluation to exclude underlying liver disease and significant comorbidities as described previously (8) . Donor demographic data, intraoperative findings, and postoperative donor complications were recorded prospectively.
Magnetic Resonance Cholangiography
Magnetic resonance cholangiography (MRC) was performed using a 1.5T MRI system (Excite or Echospeed LX, GE Medical Systems, Milwaukee, WI) with a 4-element torso phased-array receiver coil. Heavily T2 weighted breath hold single shot fast spin echo (SSFSE) images were obtained using a radial slab technique with a slice thickness of 4 to 6 cm, centered on the common hepatic duct in the porta hepatis. Sixteen slabs were acquired with a 22.5°radial interval to cover 360°. Each slab was acquired at end expiration with an interval of eight seconds between each acquisition, a matrix of 320x320, TE 990ms, bandwidth 62.5kHz, field of view (FOV) 28 -32 cm; phase/field of view 1.0 and fat saturation. Bile is bright on these images because of its high water content while the liver is very dark; thus, this technique yields a series of oblique coronal and sagittal projections of the bile ducts. During a brief trial period, some patients received mangafodipir trisodium (Mn-DPDP, Teslascan, Amersham Health, Princeton, NJ), which was injected intravenously over one minute at a dose of 5 mol/kg (0.1 mL/kg; maximum dose 15 mL) followed by a 10 mL saline flush. Images were acquired 15 min postinjection using an axial breath hold 3D spoiled gradient echo pulse sequence (3DFSPGR) with the following parameters: TR 6.3 ms, TE 1.4 ms, flip angle 45°, bandwidth 31.25-62, 5 kHz, FOV 30 -38.0 cm; phase/FOV 0.7-1.0; zero fill interpolation factor 2, slice thickness 2-3 mm (effective slice thickness 1-1.5 mm), NEX 0.5-1.0, matrix 256ϫ160 -192 and fat saturation. As Mn-DPDP is excreted in the bile ducts, its purpose is to increase bile duct signal intensity on these images. Mn-DPDP recently became unavailable in both the United States and Canada.
Intraoperative Cholangiography
After the gallbladder was dissected off the liver, a 5 Fr. catheter was advanced through a transverse incision created in the cystic duct. While manually injecting 10 to 20 mL of full-strength iohexol (Omnipaque, Nycomed, Princeton, NJ), fluoroscopy was performed in anterior-posterior and oblique orientations. Intraoperative cholangiography (IOC) was also performed after completing the resection to detect bile leaks and to ensure integrity of the left bile ducts.
Intraoperative Biliary Exploration
Once the biliary anatomy was deemed favorable by IOC, the right hepatic artery, portal vein(s), and hepatic vein(s) were defined, and the parenchyma was transected as previously reported (8) . The middle hepatic vein was included in 27 grafts. The right bile duct(s) and the hilar plate were divided sharply after 80%-85% of the parenchymal transection had been completed. A small incision was made transversely in the right bile duct, at least 3 mm distal to the takeoff from the left ductal system. The location of segmental right bile ducts and their relationship to the common hepatic duct and left bile duct were further defined with biliary probes before completing the transection.
Data Evaluation
Radial slab MRCs were used as the primary images to determine donor biliary anatomy. During a brief trial period, Mn-DPDP MRCs were performed non-selectively in 13 of 30 patients as supplemental studies. A staff radiologist and staff surgeon read the MRCs independently at computer workstations with viewing software (eFilm, Merge-eFilm, Milwaukee, WI). In all cases, the two interpretations were in agreement. The caliber of the bile ducts was not measured preoperatively. Both donor and recipient surgeons assessed IOC intraoperatively, and details of the biliary anatomy were documented. Completion IOC was read by the donor surgeon and similarly recorded.
Details of the biliary anatomy included the configuration of the main division (bifurcation versus trifurcation) and the drainage of second order biliary radicals (anterior and posterior right sectoral branches) as classified by Huang ( Fig.  1) (9) . The most common configurations were: 1) conventional anatomy of right and left hepatic ducts forming a common hepatic duct (type A); 2) trifurcation formed by the right anterior sectoral branch, the right posterior sectoral branch FIGURE 1. Conventional and common variations of right biliary anatomy and the left hepatic duct (type B); 3) drainage of the right posterior sectoral branch into the left hepatic duct (type C), drainage of the right posterior sectoral branch into the common hepatic duct (type D), and drainage of the right posterior sectoral branch into the cystic duct (type E).
Actual biliary anatomy was determined by the combination of IOC and biliary exploration. MRC readings were then analyzed for sensitivity, specificity, and positive and negative predictive values in predicting aberrant biliary anatomy.
RESULTS
The mean age of the 30 donors was 35.6Ϯ12.1 years; 56.7% were male. Intraoperative cholangiography and biliary exploration revealed that 17 donors (56.7%) had conventional and 13 (43.3%) had aberrant biliary anatomy. Among the aberrant systems, 1 (3.3 %) was type B, 9 (30%) were type C, 2 (6.7%) was type D, and 1 (3.3%) was type E (Figs. 2-5 ). There were no disparities between the results of IOC and biliary exploration.
MRC radial slabs clearly depicted primary ductal anatomy in 28 of 30 patients. In two cases, the posterior sectoral duct of the right lobe was unclear. The use Mn-DPDP generally did not improve on the quality of the images or interpretation of biliary anatomy. Magnetic resonance cholangiography indicated that 16 patients (53.3%) had normal, 12 (40%) had aberrant, and 2 (6.7%) had indeterminate biliary anatomy. When compared with actual biliary anatomy, MRC demonstrated biliary anatomy accurately in 27 of 30 (90%) patients. Specifically, MRC correctly delineated normal anatomy in 15 of 17 patients and aberrant anatomy in 12 of 13 patients. Among the donors with aberrant biliary anatomy, MRC was able to detect 1 of 1 type B, 8 of 9 type C, 2 of 2 type D, and 1 of 1 type E (Figs. 3-5) Among the 3 misinterpreted cases, MRC could not demonstrate the right posterior sectoral duct clearly in two cases of normal anatomy. MRC incorrectly depicted 1 patient with type C as having normal anatomy. The sensitivity, specificity, and positive and negative predictive values of MRC in detecting aberrant donor biliary anatomy were 92.3%, 100%, 100%, and 94.4%, respectively.
The relationship between the actual donor biliary anatomy to the number of ducts achieved on the right lobe grafts is shown in Table 1 . Fifteen grafts with a single duct and two grafts with two ducts were obtained from the 17 donors with conventional anatomy (type A). All grafts from donors with aberrant anatomy had two ducts.
The mean follow-up of the donors is 12.8Ϯ7.01 months. All donors are currently alive and well and none have had a biliary complication. 
DISCUSSION
Normal biliary tract anatomy, as defined by a common hepatic duct that divides into single right and left hepatic ducts, exists in 60%-65% of the population (9, 10) . Accurate preoperative imaging is therefore essential to identify those donors with bile duct anomalies that would preclude surgery and to facilitate intraoperative planning. In this study, we show that MRC accurately demonstrated biliary anatomy and was highly predictive of the number of ducts that required anastomosis in the recipient.
The accuracy of conventional MRC with radial slab views in our study was comparable with that reported by other centers (6, 11) . We have found that recent improvements in image software have provided higher spatial resolution and better definition of bile ducts. Mn-DPDP was used non-selectively over the study period, but in contrast with other reports (4, 5) , it did not provide additional information. Regardless of the technique used, 2nd order biliary ducts were occasionally not seen well, which is agreement with other studies (7, 12) .
The ability to exclude patients from surgery whose anatomy would preclude donation is the chief reason for preoperative imaging. Potential donors who are found to have a significant segmental left duct(s) that communicates with the right ductal system (i.e., a segment 4 duct draining into the right posterior sectoral duct [2%]) or those without a distinct bifurcation and that may yield three or more small, intraparenchymal ducts (i.e., right anterior, right posterior, left lateral and segment 4 sectoral ducts coming to a confluence [1%]) are excluded (13) . In our early experience, when MRC was not part of the evaluation, IOC identified two donors with each of the biliary anomalies noted above; surgery was aborted in both cases. Since MRC has become a routine part of our donor assessment, we have not aborted any livingdonor hepatectomies because of biliary anomalies. Based on our criteria, biliary anatomy precluding right lobe donation would be expected in 3% of the population. In our institution, an MRC clearly demonstrating biliary anatomy described above would exclude the potential donor from further consideration; an MRC which is suggestive but not definite for unfavorable biliary anatomy may warrant ERCP.
Normal biliary anatomy with a common right hepatic duct would expect to yield a single graft duct while aberrant types B to E would yield 2 ducts. In this study, donor MRCs accurately predicted the number of graft bile ducts in 28 of 30 patients; 15 of 17 donors yielded single duct-grafts as predicted by normal biliary anatomy as seen on MRCs. All 13 donors yielded double-duct grafts as predicted by aberrant anatomy demonstrated on MRCs. Of the two normal duct donors yielding double-duct grafts, one case occurred early in our living donor experience while the other had a short R hepatic duct that required transection beyond its bifurcation. In addition to their predictive value, MRC slabs offer threedimensional images which may help achieve the expected number of ducts by guiding the position and angle of bile duct transection.
Other imaging modalities for assessing donor biliary anatomy preoperatively have inherent strengths and weaknesses. Endoscopic retrograde cholangiography remains the gold-standard for providing the best images, but is not performed routinely because of a relatively high risk (1.4%-3.2%) of serious complications (14, 15) . Multidetector CT cholangiography (MDCT-CA) has recently shown promise in delineating biliary tract in potential right lobe living donors (16, 17) . With this technique, high resolution CT is performed after administration of either oral (iopanoic acid) or intravenous (meglumine iodipamide) contrast agents formerly used for cholecystography (18) . However, the studies with MDCT-CA are preliminary, contain few patients, and most have not corroborated the findings by IOC. In one uncontrolled study of 16 patients, CT cholangiography using intravenous contrast was found to be superior in demonstrating 2nd-order bile ducts as compared to conventional and Mn-DPDP MRC. However, of the 9 patients who proceeded to surgery, CT was accurate in 5 of 6 (83%) whereas Mn-DPDP MRC was accurate in 3 of 3 (100%) (5) . In another study of 15 potential living liver donors, the authors found that MDCT-CA with intravenous contrast visualized the biliary anatomy poorly, necessitating IOC in all patients (19) . In addition, variable GI absorption of iopanoic acid can influence the quality of oral contrast MDCT-CA (20) . Obvious disadvantages of CT versus MRCP are the need for ionizing radiation and nephrotoxic contrast agents; specifically, the intravenous contrast agent to iodipamide meglumine which is used for MDCT-CA is associated with poor patient tolerance and adverse reactions. Minor reactions including nausea/vomiting occur in 4% to 24%, while major reactions (e.g., hepatic and renal toxicity) are rare. Some centers have abandoned these agents because they are associated with the highest potential for morbidity among available radiographic contrast agents (21) (22) (23) . Although the lack of availability of Mn-DPDP and ready availability of CT may currently favor MDCT-CA in a subset of cases, larger prospective studies are needed to determine whether MRC or MDCT-CA is superior for detecting biliary anatomic variants in potential living liver donors. Furthermore, future improvements in the spatial resolution of T2 weighted biliary imaging without contrast agents are now available. These 3D T2-weighted pulse sequences currently being evaluated on state of the art MRI systems allow for isotropic voxel imaging with a voxel volume of less than 1 mm 3 . This technique will likely offer further advantages over the 3D slab technique by allowing reconstruction of images in any plane and of varying reconstruction thicknesses. This allows for targeted reconstruction through ducts at branch points allowing for precise delineation of biliary anatomic variants. In contrast the slab technique can suffer from overlap of signal from fluid in gallbladder, gastric lumen and duodenal fluid which can hinder assessment. The slab technique can also miss critical branch points of an aberrant duct while the 3D volumes can be performed to encompass much of the liver and may be less likely to miss unusual anatomic variants. Finally, novel contrast agents such as those currently available in Europe may further delineate the biliary tree in T1 images as they undergo partial biliary excretion. Yet another advantage of MRCP is the ability to assess other aspects of a potential donor's liver anatomy. There is usually no added cost to performing an MRI and requires only 10 -15 min of additional scanning. Thus combined vascular assessment and biliary assessment as well as assessment of iron deposition and fat disposition in the liver can be performed with MRI in one exam.
In summary, our study demonstrates that MRC accurately defines biliary anatomy and anomalies in living liver donors and predicts the number of ducts the require anastomosis in live-donor graft recipients. Continued improvements with MRC techniques and development of novel T1 biliary contrast agents are expected to further improve their accuracy of defining the caliber and configuration of 2nd-order bile ducts. In the future, MRI may offer a single comprehensive modality for assessment of potential liver donors.
